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A:THEORWHCAL AND EXPERIMENTALINVESTIGATIONOF THE LIFTAND DRAG
CHARACTERISTICSOF HYDROFOILS AT SUBCRITICAL

AND SUPRRCRITICM SPEEDS1

By KDNNETH L. ‘iVADLIN, CHAELES L. SHUFORD, JR., and JOHN R. MOGEIIEE

SUMMARY

JJ theoreticaland experimental investigation at subcavitation
speeds wm made of the e~ect of tifiee-water surfacz and rigid
boundaries on the l$t and drag of an aspect-ratia-10 hydrofoil
at both subcritical and supercritical speeds and of an wpect-
ratii+ hydrofoil at superm”tical speeak. For h aspect-ratio-
10 hydrofoil, testswerenude in Langley tank no. 1 and tingle-y
tank no. 1?IYL0.6’4and 3.84 chordssubmergenceat subcum%ati.on
speeds jrorn 6 to .+6fps corresponding to Reynokls numbes
jrom 0.18 X 1P to 1.64 X 10°. For the aspect-ratio-4
hydrojoil, tats were made in Langley tank no. 9 at 0.69,1.09,
3.09, 3,09, and 4.09 chordssubmergenceat dmwitatwn speeds
jrom 16 to 36 fps corraponding to Reynolds numbers from
0.873 X 10e to .%04X 108.

Approximate theoretical solulwrwfor tlk?eJect8 of the free-
waier sulfate and rigid bouno?aria on lijl and drag at super-
critical speeds are develqwd. An approximate theoretical8olu-
iion for the e~ec.k of tie bounds+ on dr~ at subcritical
speeds i8 also presented. The agreement between theo~ and
experiment at both supercrW.cuJand wbcritical ~peedsh sati.s-
jactory for engineeri~ culculatwns of hydrofoiJ charac.?erh-
timfrom aerodynamic data.

The experinwntal inwxtigation indicated no appr&le
e$ect of the limiting weed of wave propagation on .!#&curve
slope or angle of zero lift. It also showed that the increa8e in
drag m the criticul speed is approaclwd-from the mpercritical
range h gradual. This remdt is contra~ w the abrupt in-
creme at the critical speed pw?i.cted by theory.

INTRODUGITON

Airfoils and hydrofoik operate in fluids which Mer
principally in density and viscosity, properties that are
redly treated by the concept of Reynolds number. Since
such is true, the vast amount of aerodynwnic data already
accumulated becomes available for use in predicting hydro-
foil characteristics. The airfoil, however, generally oper-
ates in rm essenthlly infinite medium, whereas hydrofoil
applications usually require operation in a limited medium,
that is, in the proximity of the water surface. Aside from
the effects of cavitation then, the principal difference be-
tween airfoil and hydrofoil applications is one of boundaries.

In restricted areas such M shallow harbors, canals, and
towing tanks, other boundaries are present besides the
water surface, that is, the bottom and sides. IiTaturally

these boundmiea also influence the characteristics of a hydro-
foil, and their effects must be evaluated in order to use aero-
dynamic data for the prediction of the characteristics of
hydrofoils under such conditions.

In addition to the reflective influence of the bottom” and
sides, the finite depth of water limits the speed of propaga-
tion of the transveme waves generated by the hydrofoil.
This change in flow causes the lift and drag characteristics
to be difEerentat speeds below this limiting speed or critical
speed than they are above it.

In the present report available aerodynamic and hydro-
dynamic theories have been applied to develop an approxi-
mate method of evaluating the influence of boundaries in
order to apply existing aerodpmrnic data to hydrofoils and
to correct properly data obtained in towing tanks to actual
open-water conditions.

Experimental data at subcavitation speeds were obtained
in two water depths at several depths of submergence at
subcritical and supercritical speeds and are compared with
aerod~amic data corrected for the boundary effects. The
boundary-correction methods employed me similar to the
general methods used in wind-tunnel research with the
additional consideration that the limiting speed of wave
propagation is taken into account.

SYMBOLS

A geometric aspect ratio, 28/C
% section lift-cuxve slope at infinite submergence,

dc#Yo

% section lift-curve slope at finite submergence,
dc@iYo

al slope of lift curve at infinite submergence, d6’Ll/da
% slope of lift curve at finite submergence, dC!!da

drag coefficient, D/qS
2, induceddrag coefficient of rectangulm hydrofoil in

infinite fluid
AC=, induced-drag coefl oient due to horseshoe-vortex

images
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induced-drag coefficient due to trailing-vortex
images

drag coefhcient at inlinite submergence, D,/qS
drag ccdicient at finite submergence, DJqS
wave-drag ceeflicient, D~qS
liftcoeflkient, L/qS
liftcmfiicient at infinite submergence, LJqS
liftcoefficient at linite submergence, LJqS
chord of hydrofoil, ft
section drag coefficient
section lift coefficient at irdinite submergence
section lift coeiiicient at finite submergence
drag, lb
drag at infinite submergenm, lb
drag at finite submergence, lb
wnve drag, lb
effective-edge-velocity correction for lift
Froude number based on depth of hydrofoil sub-

mergence, Vlgf
depth of quarter chord of hydrofoil below fiee-

wnter surface, ft
acceleration due to gravi@, ft/se@
depth of water, ft
lift of hydrofoil, lb
lift at infinite submergence, lb
lift at iinite submergence, lb

free-stremn dynamic prww.re, ~ PV1, lb/sq ft

Reynolds number, Vc/Y
area of hydrofoil, sq ft
semispan of hydrofoil, ft
free-strewn velocity, ft/sec
limiting speed of wave propagation or critical

speed, ftls’ec
induced vertical velocity at threequarter chord

due to bound vortex of hydrofoil (surface
boundary only)

induced vertical velociw at threequarter chord
due to hydrofoil-image bound vortex (surface
boundary only)

induced vertical velocity at three-quarter chord
due to two trailing vortices of hydrofoil (surface
boundary only)

induced vertical velocity at threequarter chord
due to two hydrofoil-image trailing vortices
(surface boundary only)

induced vertical velocity at threequarter chord
due to homeshoe vortex of hydrofoil

induced vertical velocity at three-quarter chord
due to hydrofoil-image horseshoe vortex (surface
boundmy Ody)

induced vertical velocity at three-quarter chord
due to hydrofoil-~~e bound vortices (multiple
boundaries)

induced vertical velocity at threequarter chord
due to hydrofoil-image trailing vortices (multiple
boundaries)

distance of bound vortex measured in free-strewn
direction from three-quarter chord of hydrofoil,
ft

Y distance to center of image horseshoe vortex,
measured parallel to lifting line, from center of
hydrofoil, ft

z distance of image bound vortex, measured normal
to water surface, from hydrofoil quarter-chord
point, ft

a angle of attack, deg
% section angle of attack, deg
r circulation strength of vortex, VcCL/2
rl circulation strength of vortex at infinite submer-

gence
r2 circulation strength of vortex at finite submergence
v kinematic viscosiQ, ft’/sec
P mass densi~, slugs/cu ft
u plan-form correction factor for rectangular wings

(see ref. 7)
+ hydrofoil submergence parameter (see eq. (16))

DESCRIPTION OF MODELS

The experimental data were obtained by using 8-inch-chorcl
hydrofoils with aspect ratios of 4 and 10, each supported by
an 8-inch-chord strut intersecting the upper surface of tho
hydrofoil without filIets. The strut was perpendicular to
the chord of the hydrofoil. The hydrofoil and struts woro
made of stainless steel and were polished to Q smooth finish
consistent with w-ind-tmmelpractice.

The hydrofoik had an NACA 64,A412 section which diffem
from the NACA 64,412 section only by elimination of the
--edge CUSP;the section characteristics of them two
are essentially the same (see ref. 1). The strut had an
NACA 66,-012 section. Table I (see page 22) gives the or-
dinates for the hydrofoil and strut sections as computed
from references 1 and 2.

APPARATUS AND PROCEDURE

The tests on the aspeckratio-10 hydrofoil were made in
both Langley tank no. 1 and tank no. 2 to obtain two water
depths. Figure 1 shows a view of the test setup with the
aspect+ratio-10 hydrofoil and the balance attiched to the
structure on the Langley tank no. 2 carriage. Tho setup
in Langley W no. 1 was simikmexcept for the method of
attwhrnent to the carriage. For the aspeckratio+ hydro-
foil a sting support was used. Figure 2 shows a view of the
test setup with the hydrofoil supporting sting and the
balance attached to the structure of the Langley tank no, 2
carriage. The details of the supporting-sting arrangement
are shown in @ure 3. Figure 4 shows the cross sections of
the two tanks. Tank no. 1 has a mean depth of 10.64 feet;
tank no. 2 has a uniform depth of 6.0 feet.

The hydrofoils were moved vertically by means of a
motor-driven jacking screw which moved the balance and
hydrofoil as a unit. Change in angle of attnck was obtaimd
at the plate attaching the stit to the balance.

Measurements of lift and drag were made by moans of
electrical strain gages. The form measurements were mode
at constant speed, angle of attack, and depth of submergence.
The depth of submergemmis defined as the distnnce from the
undisturbed water am-face to the quartar-chord point on the
chord line. For the aspechratio-1 O hydrofoil, tests were
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FmuRE I.—Test setupshowingaspeotirati&10hydrofoil and balance
nttnahed to towing carriage.
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FmuRE2,—Test sotup showing rqeot-ratio-4 hydrofoil swpended
from balnnce attached to towing carriage.
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made at ttvo submergence (0.84 and 3.84 chords) over n
range of speed from 5 tc 45 fps and a range of angle of attack
from –3.5° iw 6.0°. For the mpect-ratio+l hydrafoil, tests
were made at five submergence (0.59, 1.09, 2.09, 3.09, and
4.o9 chords) over a range of speed from 15 to 35 fps and a
range of angle of attack from —3.5° ta 4.0°. The ‘change
in angle of attack due to stictural deflection caused by the
lift and drag forces on the hydrofoil was obtained during the
calibration of the balance, and the test data were adjusted
accordingly.

The supporting strut for the aspeckratio-10 hydrofoil and
the supporting sting and strut for the aspect+ratio-4 hydro-
foil were run alone at the same range of speed, depth, and
angle of attack as when the hydrofoil was installed. For
these tests the end of the strut (q?ect-ratia-10 tare tests)
and the end of the sting (aspect-ratio-4 tare tests) were
fitted with faired caps. The tares thus obtained were deducb
ed from the test data to give the net foroes. The net forces
were converted to the usual aerodynamic lift and drag
ccefBcients by using a measured value of Pof 1.966 slugs/cu ft
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at the testing temperatures which w-em40° F for the aspect-
ratio-10 tests at 0.84 chord submergenm in Langley tank
no. ], 44° F for all other tests with aspec&ratio-10 hydrofoil
in both tanks, and 700 for tests with aspect ratio 4 in tank
no. 2. All coefficients were based on the area of the hydro-
foils. The area of the hydrofoils is 4.44 square feet for the
aspect-ratio-10 hydrofoil and 1.78 square feet for the aspect-
ratio-4 hydrofoil. The measured kinematic viscmi~ of the
water at the time of the tests in tank no. 1 at 400 F was
1.85 X 10-6 ftz/see, in tank no. 1 at 44° F was 1.73 X 10-5
ft2/see, in tank no. 2 at 44° F was 1.83 X 10-’ ft%/see,and in
tank no. 2 at 70° F was 1.15 X 10-8 ft2/sec.

E~ERIMENTAL RESULTS

The basic experimentalresults corrected for strut deflection
tmd drag tares are presented in &me 5 for the aspect-ratio-10
hydrofoil and in figure 6 for the aspeckratio~ hydrofoil w
uurves of lift and drag for each water depth and depth of
hydrofoil submergence plotted against angle of attack with
speed as the parameter. The data, converted to coeilicients,
are presented in figures 7 and 8 in the uswd form for aero-
dynamic data. The strut drag coe.ilicients (based on the
area of the aspec&ratio-10 hydrofoil, 4.44 sq ft) plotted
against speed in figure 9 indicate the range of strut drags
obtained.

The lift-curve slopes and angles of zero lift obt&ed from-
figure 7 for the aspect-ratio-10 hydrofoil are plotted against
Reynolds number in figure 10. Also included in this @e
are the corresponding aerodynamic data for the NACA
05418 section. ~~--- ‘-’- ‘--- ‘-’--- ‘-– ‘-’------ “
and the lift-curve
by the equation

Luese UZLUL w M-e wikwu U-urn rmemmx o

slopes were corrected to aspect ratio 10

Aao.~= -1 (1)
A.%++ QQ,

from reference 4 where -?3,is an effective-edge-veIocity cor-
rection from reference 5. The hydrofoil data show no
significant effect of tank depth at either depth of sub-
margenca It is of particular interest to note that, w-here
this effect woidd be expected to be most pronounced, namely,
in the region betmeen the dashed vertical lines of figare 10
where the speed in tank no. 1 is subcritical while that in
tank no. 2 is supercritical, the M&curve slope and the angle
of zero lift for a given Reynolds number are essentially the
same for both tanks. In the region below-tie critical speeds,
the trends are not too apparent. The lift-curve slopes de-
crense and the angles of zero lift increase with decreasing
Reynolds number, particularly at the shallower depth of
submergence. Such a tendency is indicated by the corre-
sponding low Reynolds number aerodynamic data for the
NACA 65+18 section. The ieason for the variation of
this tendency with depth of subm~ence is not fully under-
stood; however, changes in pressure distribution due to
changes in submwgence wouId influence the Reynolds
number effect. It appesm therefore that, if the Iift+m.rve
slopes and angles of zero lift are influenced by the critical
speed, the influence indicated by these tests is so small as to

be masked by Reynolds number effects encountered in tho
tests and by the effects of submergence.

The variation of drag coefficient with speed for the 10,64-
foot and the 6.O-foot -waterdepths at lift coefficients of 0.4
and 0.6 and depths of submergence of 0.84 and 3.84 chords
and aerodynamic section drag data at the same lift coeffi-
cients for the NACA 65+18 airfoil section from reference 3
areshownin figurell. A comparison of the drag codicionta
for the two water depths at both lift coefficients and both
depths of submergence shows that, with reducing speed,
when the critical speed in the greater water depth (tank no,
1, 15.98 chords) was approached, a drag rise occurred
whereas the drag in the shallowmrwater depth (tank no. 2,
9 chords) did not rise until ita lower critical speed m-s
approached. It can be seen that the drag rise increaseswith
lift coefficient and decre~es with depth of submergence.
The variation in drag rise with lift coefficient and depth of
submergence is as predicted by the theory that will be dis-
cussed subsequently. However, the drag rise was gradual
rather than the abrupt rise predicted by this theory. The
trends at the low subcritical speeds are not too clear since
they are masked by Reynolds number effects. An indica-
tion of the possible Reynolds number effects can be obtained
horn the mrod~amic data presented.

THEORETICALBOUNDARYCORRECTIONS-SUPEIZC~lTICAL
Cimzm?rl

In order to use aerodynamic dat~ for an airfoil in an
infinite medium to predict the characteristics of a hydrofoil
in the proximity of the water surface and perhaps rigid
boundaries as would be encountered in shallow water, canals,
or towing tanks, the influence of these boundaries must bo
evaluated. The boundary condition to be satisfied at tho
free surface is that of constant pressure along the surfaco
streamlines. The boundary condition to be satisfied at tho
rigid boundaxi= is zero normal velocity.

FREE-zWJRFACEBOUNDARY

As a first approximation to the tbreedimensional problem
supercriticsl conditions are assumed, however, with only the
free+vater-snrface boundary present. The constnnt-pres-
sure boundwy at the free surface can be satisfied by the
introduction of a horwsshoevortex above the surface which
has the same direction of rotation as the one which represents
the loading on the hydrofoil (fig. 12).

TIM presence of the image bound vortex does not change
the direction of the flow relative to the hydrofoil chord line
in the vicinity of the center of pressure, but it dots tend to
curve the streamlines relative to the hydrofoil chord line.
The curvature effect is equivtilent to introducing camber of
the hydrofoil in such a manner as to produce a negative lift
increment. It would seem therefore that rLreasonably C1OSO
approximation to the effect of the free surface could be
obtained by simply evaluating the effect of stremnline
curvature, in addition to the induced-angle effect of tho
trailing vortices, by applying a technique frequently used in
approximate solutions of aerodynamic problems (see ref. 6).
This technique involves delamination of the circulation I’
required to produce a dow-mvard velocity WE+ We at the
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~GURIJ 7.—Contiiued.

t,hreequarter-chord location which when combined with the
fxee-stream velocity V produces a flow tangent to the mean
camber line of the hydrofol Thus, if geometric camber is
neglected, the hydrofoil mgle of attack a is equal to the
mm of the angles at the three-qumter-chord point induced
by the hydrofoil vortices and their irnag- located at a
distance directly above the hydrofoil equal to twice the
depth of submergence.

By use of the BiotA3avart law and the notations defined
in figure 12, the following expressions for the separate con-
tributions at the line of symmetry to the vertical component
of the induced veloci~ at the three-qumter chord were
obtained:
The contribution due to the bound vortex of the hydrofoil,

(2)

the contribution due to the image bound vortex,

the c.ontibution due to
hydrofoil,

w3=&

the contribution due to

the two trailing vortice9 of tlho

.
c +1

J() 1

(4)
2

~z
~ +82

the two image trailing vor~iccs,

“=% [8’~(21q

[M&=’] “)

the contribution due to the horseshoe vortex of the hydrofoil,

“=WW+:l ~(6)

and the contribution due to the image horseshoe vortex
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By means of equations (6) and (7) a e.amputation of the
rmgleof attack a can be made.

Effeot on lift,-In order to estimate the effect of depth of
submergence on lift, the ratio of the hydrofoil circulation in
an infinite fluid to that of a hydrofoil at a finite depth of
submergence for a given angle of attack is obtained; that is,

(8)

Therefore (for small angles),

:=1+’Ja*[(;):’2’’’+(’k+]*]*

Mw’+i
where

~=vcc.

2
and

Rewriting this equation to getf in terms of c and substituting

A=:
413072—G7~

yields

%—.
Q

1

.“-3q35,40

+

(c)

.6

~ (L3q=l+l)A’

1

8
i (9

‘A——
At_%

(9)

which is the ratio of lift-curve slope at finite depth to that
at infinite depth w-hen only the &es’ surface is ‘considered.

For the tww-dimensional case, only the induced velocities
due to the bead vortex WI and the image bound vortex WZ
are considered in equation (8); thus,

f A2

which is the ratio of the tin-dimensional Iifixmrve slope at
fib depth to that at infinite depth when only the free
surface is considered.

Effeot on drag.-lln order to estimate the effect of depth
of submergence on the drag of a fir&-span rectangular
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drag induced by the hydrofoil images at a
att&li is obtained from ‘the equatiori

ACD,=o’ ~ (l+u) (10)

This relation is not rigorous since it giva an induced drag
in two-dimensional flo-ivdue to the influence of the bound
vortex at the three-qudar chord. However, for the aspect
ratios under consideration, when the drag correction is deter-
mined in the usual mm.nex, that is by evaluating the dowm-
wash at the quarter chord, the drag predicted is too 10W.
This condition is true even -when the spamvise distribution
of dow-mvashis considered.

From equation (7)

W, r——
7–4TVK

where

The drag coefficient of a rectang-ukwhydrofoil in an inihite
fluid is

CD,=C.+C+’(l+U)

The total drag coefficient of a rectangular hydrofoil at a
given depth of submergence and angle of attack, therefore, is

C%=cd+c+ (*+=) (1+4 (11)

RE9TRIOTZD AREA

In order to estimate the effect of depth of submergence
on the lift and drag of a hydrofoil in a reatricteclmea such
as a shallow harbor, a canal, or a toting tank, a system of
images (fig. 13) that satisfied the boundary conditions of
constant pressure at the free-water surface and zero normal
velocity at the rigid boundaries is required. The boundary-
induced vertical velocities at the three-quarter chord me
obtained by computing the combined effect of sufficient
images to give the desired accuracy. An inihite army of
images is, of course, required to give an exact vrdue:
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SufEcient accuracy, however, can be obtained w-itb a finite
nrrfby of images. For example, if another row of image9
wore added to the top and bottom and another column of
images to each side of the horseshoe vortex arrangement
shown in figure 13 (A= 10, tank no. 2, submergence of 0.84
chord) the additional images would cause a change of less
than 1 percent in the total induced vertical velocity at the
three-quarter chord of the hydrofoil. The general equation
for this velocity for each image vortex (see ref. 7) is:

For the image bound vortex

rz

[

‘?/+8 y–s 1(12)
“=~ d+~ @+&+(y+@4-&?+#+( Y-&

and for two image trailing vortices

‘s=:{~ffi.)’[l+d&+L(Y+.,21-

y–s

[Z?+(y-s)’ 1+J&+&;(y_8)$1}
(13)

where x, y, and z define the location of the image with
respect to the intersection of the quarter-chord line and the
line of symmetry of the hydrofoil (see iig. 12).

The mtio aJal and the drag coefhient (?Dare obtained
as previously discussed by substituting ~T+ W“ for ~b in
equations (8) and (10).

Some results calculated by applying the foregoing theo-
retical method in tanks no. 1 and no. 2 for estimating the
effect of submergence on lift-curve slope are shown in figure
14 for three aspect ratios.

COMPARISON OF THEORY AND EXPERIMENT

Lift,-The theoretical reauks presented in figure 14 are
compared in figure 15 With the present experimental results
for hydrofoils of aspect ratios 4 and 10 and with experimental
results given in references 8 and 9 for hydrofoils of aspect
rntios 10 and 6, respectively. The ratio aJ@ for the cxperi-
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FIGUREl-L-EHeot of depth of submergence on lift-curve slope.

mental lift-curve slopes for hydrofoils of aspect ratios 6 and
10 is the ratio of the lifi%nn-e slope obtained at a given depth
of submergence to the Iifkcurve slope (corrected for aspect
ratio by eq. (l)) as obtained for airfoil data (see refs. 10 rmd
11). The ratio aJ% for the experimental lifhmrve slope9
for the aspect-ratio-4 hydrofoil & the ratio of the lift-curve
slope obtained at a given depth of submergence to the M&
curve slope at the greatest depth of submergence. This
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~Gwrm Mi.—timparison of experimental and theoretical ratio of
lift-curve slopes for aspeot ratios 10, 6, and 4.

ratio wrw chosen for the aspechratiwl hydrofoil because the
experimental lift-curve slope at the greatest depth of sub-
mergence -wasapproximately 5 percent higher than the lifk
curve slope (corrected for aspect ratio by eq. (l)) given by
airfoil data. If the method used for the hydrofoils of aspect
ratios 6 and 10 had been used, the ratios would be greater
than 1.0.

The agreement of the experimental results with results
given by the thtiretical method is generally good.

Drag.-Results calculated by the restricted-mea theoretical
method for estimating the effect of depth of submergence on
the drag coefficient are shown in figure 16 for hydrofoils of
aspect ratios 10, 6, and 4. The magnitude of the increments
indica- that a correction to airfoil @U coeflkients must be
made to predict hydrofoil characteristics at snpercritical
speeds.

Results calculated by the resticted-area method for both
tmik no. 1 and taik no. 2 are compared in @e 17 with the
present experimental results for a hydrofoil of wpect ratio
10. F@res 18, 19, and 20 present similar comptions for

Oepth of
.dXne17Jelwe,

0.5
-F /

$324-
$’

016 -

008 -

Lift ccleffksent,q

(a) A=1O; tank no. 1. (b) A=1O; tank no. 2,
(o) A=6; tank no. 1. (d) A=4; tank no. 2.

Fmmm 16.—Variation of induced-drag coefficient due to the hydrofoil
vortex imagw with lift ooefioient for hydrofoils of aspeot ratios 10,
6,and4.

hydrofoils of aspect ratios 10,6, and 4; the experimental data
for the aspec&ratio-10 and aspect-ratio-6 hydrofoils were
obtained ilom references 8 and 9, respectively, and the ex-
perimental data for the aspec&ratio-4 hydrofoil are preaentecl
hereim The agreement of the experimental results with
results given by the theoretical method is in most cases good,

THEORETICAL BOUNDARY CORRECTIONS-SUBCRITIC&

Qma

The speed of propagation of the transversewaves genemted
by the bound vortex of the hyrdofoil is limited to a speed
which is a function of water depth. This speed is defined
by ~ -whereg is the gravitational constant rmd h is the
water depth. When the hydrofoil operatea below this limit-
ing or critical speed, the transveme waves travel along with
the hydrofoil, whereas above this speed the transferee waves
no longer accompany the hydrofoil. It follows, thoroforo,
that the induced @ects on Iift and drag due to these waves
are present below critical speeds but not above. The diverg-
ing waves due to the trailing vortices are not subject to this
limitation and their effect is present at both subcritical and
aupercriticnlspeeds. The elfect, then, of the trailingvortices
can be computed to a tit approximation in the same manner
at subcritical and supercritical speeds. The effect of the
bound vortex at subcritical speeds, however, is not the same
as at snpercxiticfd speeds.
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Frwrm 17.—Comparieon of esperimentsd and theoretical drag
ooeffioiente for aspeot-ratio-10 hydrofoil.

Figure 10 indicnt- that the expected effect of the critical
speed on lift WSMeithernot present or so small as to be masked
by the Reynolds number effects encountered in the tests and
by the eflects of submergence. It can therefore be assumed

that to a tit approximation the influence of the boundaries

on lift will be the same as for the supercritical case and that

only the influence on drag need be considered.

Since the condition generally eneonm%red in actual appli-

cations is that of great water depth, most of the theoretical

work has considered only this case. Mathematical investi-
gations of the wave drag of a submqed body mre made by

Lamb, who studied the motion of a circular cylinder and a
spberiml body. More exact solutions of these problems
were given by Hm-clock, who solved further problems, for
instance, that of the motion of a submerged ellipsoid. L. N.
Sretensky (ref. 12) approached the problem of the submwged
cylinder for both tits and tits w-aterdepths by assuming
the existence of circulation. Kotchin (ref. 13) gave general
formuhs for the hydrodynamic forces acting on proliles of
nrbitrary shape in water of infinite depth. Vladimirov (ref.
14) considered the case of a three-dimensional hydrofoil in
water of infinite depth. Meyer in reference 15 considered a
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FIGURE17.—Conoluded.

two-dimensional hydrofoil in both iniinite and fib water
depths and in reference 16 considered the case of a three-
dimensional hydrofoil in water of infinite depth.

DRAG

In order to estimate the effect of depti of submergence on
drag, the induced ~U due to the hydrofoil trail.@-vortes
images and w-ave drag must be added to the drag in an
infinite fluid.

The boundazy-induced-drag ceefiicient due to the image
- Vorticeiis

W.i=cj y (l+U)

From equation (5)

~=$V KI

where, for a free surface,

Kl=@+b@fl

‘[2*:

(14)
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Fmunn 18.—Comparison of experimental and theoretical drag coef-
ficients for aspeo&ratio-10 hydrofoil (see ref. 8). Speed, 26 fps.

and from equation (13), for a restricted area (tank no. 1 ana
tank no. 2),

Y+s
“=&+@/+8)

‘[ #

1+
x

1+~+@+8)2 –
—

&:8)
‘[

z

1+J2?+.2+(7J-8)’ 1
(15)

The wave-drag coefficient for a hydrofoil at a given depth
of submergence nnd speed is (refs. 13, 15, and 16)

(16)

where, for a two-dimensional hydrofoil in water of infinite
depth (refs. 13 and 15)

+e-VF (17)
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F&mm 19.—Comparison of experimental and theorotioal drag
ooefficienta for mpeo&ratio-6 hydrofoil (see ref. 9).

;ora two-dimensional hydrofoil in water of finite depth~(ref,
15)

,=~’[kwl
gh (18)

coshzUO—~z

/ P tanhuo )theparameter UOisobtained fromtherelations ~=— ,
L Uoy
md for a three-dimensional hydrofoil in water of iniiniio
Iepth (ref. 16)

vhere

1

{[
e-~ (l+cos%)ilzo(~WV)=fi ~

(&)]-

(2 Cose+Fcos o00s 219)H,(~
(FAJ-cos’o:’w }

()‘=arc ‘an $
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l?mmm 20.—Comparieon of experimental and theoretical drag
coefficients for aspeohratio-4 hydrofoil. Speed, 25 fps.

and HO(IIand 1%(1)are Hrmkelfunctions.
The drag coefficient of a rectangular hydrofoil in an infinite

fluid is

cD,=&+g(l+U) (20)

The total drag coefficient of rLrectanguhw hydrofoil at a
given depth of submergence, angle of attack, and speed is

[

l+U K,c(l+u)

1CD,=cd+c’:~+~r+++ (21)

2Z

COMPARISON OF TEEORY AND EXPERIMENT

I?igurcs21 and 22 compare the present experimental results
for a hydrofoil of aspect ratio 10 with the results calculated
from equation (21). The theoretical results were obtained
by estimating the second drag coefficient cd and by adding

cm
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I?mmm 21.—Comparieon of experimental and theoretical drag coeffi-
cients for aapec&ratio-10 hydrofoiL Water depth, 10.04 feet (tank
no. 1).

the calculated induced-drag coefficient of a rectangular hydro-
foil in an inlin.itefluid CD,, the boundary-induced-drag co-
efficient 60=4, and the vave-drag coefficient C@

The section drag coeilicient cd at low Reyn~lds number
was estimated by extending the section drag data of the
NACA 641412 airfoil by comparison (fig. 23) with IOW
Reynolds number data for the NACA 65#18 airfoil sec-
tion. The boundary-induced-drag coefficient W’., (eq. (14))

w-as obtained by calculating El for tsmk no. 1 and K1
for tank no. 2 from equation (15). The wave-drag
coefficient was computed from equation (16), where the
values for # were calculated from equation (17) (infinite
water depth, two-dimensional hydrofoil), equation (18)
(finite water depth, tin-dimensional hydrofoil), and
equation (19) (inhite water depth, three-dimensional hydro-
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l?mmm 21.—Concluded.

foil). The values for # obtained from equations (17), (18),
and (19) are compared in figure 24.

I?igurcs 21 and 22 indicate that the wave-drag coefficient
for tvater of infinite depth (two-dimensional hydrofoil)
added to CD1+ 6CDiwhere &l=cd+ CDi givc9 a better ap-
proximation of the experimental drag coeflkient of a hydro-
foil at a given depth of submergence and speed than when
wave drag is calculated for water of finite depth (lxvo-
dimensional hydrofoil) or for water of infinite depth
(three-dimensional hydrofoil).

This result may be due to the fact that the wave-drag
theories do not consider both the et%ct of water depth and
the three-dimensional case simultaneously, whereas the
experimental values were at a finite water depth for an aspech
ratio-10 hydrofoil. Suitable experimental data for other
aspect ratios and w-aterdepths are not now- available to aid
in clmifying the discrepancy. The difference in the theo-
retical and experimentalresults at 5 fps could be an additional
motion drag increment sinca the section drag co&cient was
estimated by an arbitrary method.
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CONCLUSIONS

A comparison of the results calculated by theory and those
obtained experimentally for hydrofoils having aspect ratios
of 6 (prwmted in NACA WR L-768) and 4 at supemritical

speeds and an aspeot ratio of 10 at subcritical and supm-

critical speeds may be summarized as follows:

1. A method has been developed which makes it possible

to calculate at subcavitation speeds, to engineering accuracy,

the lift and drag characteristics of a hydrofoil horn mro-

dynamic data. The method accounts for the effects of

submergence of the hydrofoil below the free-water surface,

the proximity of tied boundaries, and the limiting speed of

wave propagation due to limited water depth.
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2. There was no appreciable efkot of the limiting speed
of wave propagation on likmrve slope or angle of zero lift
at the two depths of submergence investigated.

3. The increase in drag as the critical speed is approached
from the superoritical range is gradual. Tfi result is con-
trary to the abrupt inorease at the oriticil speed predicted
by theory.
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